An anatomically distributed model of energy balance control contrasts with the widely held hypothalamic center model. The distributionist model is recommended by the observations that the caudal brainstem contains critical interoceptive, integrative and neurochemical mediating functions. A prominent example of interoceptive function is sensitivity to the adipose tissuederived hormone, leptin. To complement the well established focus on hypothalamic leptin receptors (Ob-Rb), we describe an extensive distribution of Ob-Rb in the brainstem. These receptors, moreover, are functionally relevant given the intake suppressive effects of fourth-intracerebroventricular (i.c.v) and brainstem intraparenchymal (in dorsal vagal complex) delivery. A wide variety of intake relevant peptides receptors are found in hypothalamus, but these receptors are also widely distributed in the caudal brainstem. As an example of the functional relevance of these neurochemical mediators, we describe ingestive effects of ligands for melanocortin 3=4 and corticotrophin-releasing hormone receptors obtained with brainstem ventricular and parenchymal (dorsal vagal complex and parabrachial nucleus) delivery. It is clear that responses obtained from hypothalamic treatments can arise independently from stimulation of caudal brainstem receptors. We have used the chronic decerebrate preparation to ask whether the brainstem contains integrative substrates sufficient to mediate behavioral responses to variations in physiological state. The experiments reveal that the brainstem is indeed sufficient for the integration of taste and gastrointestinal signals that co-determine the size of meals in the short term. Decerebrate rats, however, do not respond to food deprivation or to reductions in the number of daily feeding opportunities. These results suggest that the brainstem in neural isolation from forebrain influence is not sufficient for ingestive response to systemic=metabolic signals that affect intake over the long term. The relative contribution of brainstem and forebrain substrates to long-term intake and body weight control in the neurologically intact animal, remains unclear. The data reviewed support a distributed anatomical model of energy balance and recommend increased attention to specific responses (behavioral, autonomic and endocrine) that are mediated by local (brainstem or forebrain) interoceptive and integrative processes, and those requiring bi-directional interactions.
Introduction
We consider here the anatomical organization of the central neural system that orchestrates energy balance. The predominant hypothalamic centers model localizes to hypothalamic substrates the interoceptors that detect blood-borne physiological signals and the integrative processes by which variations in physiological state exert their modulatory influences on ingestive responses. An alternate view of the representation of interoceptive and integrative functions is provided by a distributed model where these functions may be performed at more than one level of the neural axis. Here, we describe a selected set of observations that stand in support of the distributed model. We show: (1) that receptors for leptin providing interoceptive information about fat stores are found in the caudal brainstem, and that localized stimulation of these receptors reduces food intake and body weight; (2) that stimulation of caudal brainstem receptors for two of the neuropeptide systems implicated in the mediation of leptin action (melanocortin (MC) and corticotrophin releasing hormone (CRH)) yields potent effects on food intake and body weight; and (3) that, when surgically isolated from influences of the hypothalamus, the caudal brainstem performs integrations that are sufficient for the control of meal size. These and other data reveal that interoceptive, neurochemical mediating and integrative operations of the energy balance control system are performed within the caudal brainstem level, and indicate that functions localizable to both caudal brainstem and hypothalamus should feature prominently in a distributed neural model of ingestion control.
Presence and function of leptin receptors in the caudal brainstem A great deal of research and excitement has followed the discovery that adipose tissue produces a peptide hormone, leptin, that acts on brain receptors to reduce energy intake and promote energy expenditure. 1 -3 It is the long-form leptin receptor (fairly referred to as an interoceptor) that mediates the ingestive effects of the peptide. The field has focused its attention on long-form receptors (Ob-Rb) in the hypothalamus in mediating leptin action and has gathered a variety of evidence to support this perspective. 4 -9 The Ob-Rb distribution however, is extensive and in the absence of more systematic analysis, it would be premature to assume that leptin action is mediated solely by hypothalamic Ob-Rb.
There are conflicting reports on whether Ob-Rb are found in regions of the caudal brainstem, such as the dorsal vagal complex, that are associated with energy balance. 10, 11 We have reinvestigated this issue recently using anatomical methods that are selective and sensitive for Ob-Rb (fluorescence in situ hybridization and immunostaining). We report Ob-Rb expression throughout the dorsal vagal complex (DVC, area postrema, nucleus of the solitary tract, dorsal motor nucleus of the vagus nerve) and in various other caudal brainstem structures in which an Ob-Rb signal had not been described. 12 To explore the contribution of caudal brainstem leptin receptors we delivered the peptide to the fourth ventricle in one experiment, and directly to the DVC in another. We showed dose-related suppression of shortand longer-term intake and body weight when leptin was delivered to fourth ventricle. In fact, comparable intake and body weight effects were obtained with lateral and fourth ventricular leptin treatment. Perhaps more compelling support for leptin interoception in the caudal brainstem was the intake and body weight suppression that followed unilateral leptin application to the DVC at a dose that was subthreshold for the intraventricular effect. We suggest on the basis of these data that: (1) stimulation of Ob-Rb subpopulations in caudal brainstem and hypothalamus 13 yields similar intake and body weight responses; and (2) the neural system mediating leptin action is more extensive than generally assumed.
We focus on leptin receptors in this brief review, but it is important to note that the brainstem receives other relevant interoceptive signals. For example, the brainstem contains glucose-sensitive neurons that appear to be a critical primary substrate underlying the rat's sympathoadrenal and ingestive responses to glucopenia. 14 -16 Caudal brainstem neuropeptide systems contribute to energy balance Central melanocortin receptors (MC4-R, MC3-R) and their endogenous ligands (a-MSH (derived from POMC) and AgRP) have emerged as critical elements in the intake control system 17 -19 and have been implicated in the mediation of leptin action. 20 Similarly, a variety of evidence supports a contribution of CRH receptors and ligands (CRH and urocortin) to energy balance 21 -23 and to the mediation of leptin effects. 24, 25 It is the hypothalamic receptors for both CRH and MC ligands that have been hypothesized as the principal site of action relevant to intake control. Again, however, the broad anatomical distribution of these receptors 26, 27 commends exploration of possible extrahypothalamic actions.
To explore the potential relevance of MC-and CRH-Rs in caudal brainstem to energy balance we performed fourth i.c.v and brainstem parenchymal injection studies. We showed a dose-related suppression of short and longer term feeding following fourth i.c.v. application of MC3=4-R (MTII 28 ) and CRH1=2-R (urocortin 29 ) agonists. The MC3= 4-R antagonist SHU-9119 produced a dose-related hyperphagia that is consistent with a contribution of the endogenous melanocortin system to energy balance. (It is noteworthy that the SHU-9119-induced hyperphagia persisted as long as 96 h after a single treatment. 28 ) Further, we demonstrated that unilateral DVC application of these ligands produced short-and long-term effects on feeding and body weight change with doses that were ineffective when applied to the ventricle. 29, 30 We conclude that potent and long-term effects on food intake and body weight can be obtained by stimulation of caudal brainstem MC-and CRH-receptors.
Our emphasis on the DVC does not preclude the possibility that stimulation of CRH-and MC-receptors elsewhere in the caudal brainstem can also give rise to systematic ingestive effects. We have recently found support for this possibility through delivery of MTII, SHU-9119 and urocortin to the parabrachial nucleus (PBN) where the injections yielded intake and body weight effects quite similar to those we have reported for DVC injection (unpublished observations). The PBN, because of its anatomical position, is of particular interest as an integrator of forebrain -hindbrain influences. Such an integrative role for the PBN may be suggested for these two peptide systems given the demonstration of descending peptide projections from basal forebrain and ascending projections from the DVC. 31 -34 In any event, it is clear from the parenchymal injection results for caudal brainstem (DVC and PBN as described above) and hypothalamus (as described for example in Giraudo et al 35 ) that similar intake effects can be triggered by stimulation of anatomically disparate populations of the same receptor subtype.
Caudal brainstem integrative substrates are sufficient for meal size control
Signals that are critical determinants of meal size arise from the mouth and the gastrointestinal tract (see paper by Tim Moran in this volume). These signals driven by the chemical and mechanical properties of food are relayed to the caudal brainstem via the vagus and other cranial nerves. 36 Further processing of visceral afferent signals is accomplished in the nucleus of the solitary tract, 37 -39 from which are derived ascending projections to the PBN, hypothalamus and other forebrain nuclei. Hypothalamic processing of these visceral signals has been viewed as necessary for the integrated behavioral output that affects meal size. To challenge this view, we developed a chronic decerebrate rat preparation, and the behavioral paradigms needed to evaluate the responses of this neurological preparation. 40, 41 In several experiments we determined that (1) variations in taste concentration, 42, 43 (2) potentiation of gastrointestinal stimulation produced by gastric preload 44 or CCK injection, 45 and (3) reduction of gastrointestinal stimulation associated with sham feeding, 43 all push or pull on the meal size of decerebrate rats in a manner similar to that observed in pairfed intact rats. We conclude that, in isolation from its connections with hypothalamus and forebrain, the caudal brainstem is sufficient for the integrations involving taste and visceral afferent stimulation that underlie meal size control.
Longer-term control requires interactions between hypothalamic and caudal brainstem nuclei
There is extensive support for the hypothesis that the amount of food consumed during all the meals on a given day is controlled. 46 -48 In response to experimental challenges, defense of daily caloric intake must be achieved by adjustments of the size of individual meals and=or meal frequency. To determine whether in isolation from forebrain, caudal brainstem substrates would be sufficient to effect the adjustments in meal size associated with the integration of internal state signals (eg metabolic correlates of food deprivation) and with taste and visceral afferent signals, we performed two types of experiments. In one, rats had either two or three meal feeding opportunities per day for one week followed by the alternate condition. When confronted with the increased deprivation associated with decreased meal number, intact rats rapidly increased the size of remaining meals in apparent defense of daily caloric intake. 47 Decerebrate rats, by contrast, did not adjust meal size in response to reductions in meal frequency and as a result steadily lost weight throughout the week-long test period. 49 The other experiment examined the effects of food deprivation on meal size. To highlight the metabolic effects of 24 h food deprivation, we matched the reduction in gastric content seen with deprivation to that of a reference condition where rats were fed normally but tested after removal of the stomach contents. Deprivation doubled the meal size of pair-fed control rats but failed to affect the feeding behavior of decerebrate rats. 44 Thus, although the caudal brainstem receives direct interoceptive input of relevance to long-term intake control (eg via leptin receptors, glucose sensitive neurons 14 -16,50 ), the two studies just outlined point to a clear deficit in the response of decerebrate rats to systemic=metabolic signals associated with food deprivation.
At least three competing explanations of the decerebrate's deficit can be offered. It might be that, under normal circumstances, ie in the intact rat, the brainstem is sufficient for integration underlying long-term control, but that the transection results in damage to brainstem structures (eg loss of cells whose principal projections course through the plane of transection). Another possibility is that the critical computations are in fact performed in the brainstem under normal conditions, but that descending projections act as a permissive factor supporting the ability of brainstem structures to respond normally to visceral and metabolic inputs. Alternatively, computations of specific relevance to physiological state may be performed uniquely in forebrain, the results of which are downloaded to caudal brainstem. We know that in the normal brain there are extensive and direct projections from hypothalamus to intake-relevant brainstem structures, and evidence suggests that these descending projections can modulate electrophysiological activity of the target substrates. It has been shown, for example, that electrical stimulation of the paraventricular nucleus (PVN) alters basal activity of DVC neurons and their responsiveness to gastrointestinal stimulation. 51 Such demonstrations might be taken in suggestive support of the latter explanations outlined above. Upon critical review, however, such results offer little to aid the interpretation of the decerebrate animal deficit. First, despite the loss of such descending influences, the isolated brainstem of the decerebrate, as noted above, is sufficient for appropriate responses to gastrointestinal signals. Second, we have no information about how descending influences affect the responsiveness of the caudal brainstem of the intact rat to interoceptive signals correlated with deprivation state. We are left with no direct information to guide the interpretation of the inability of the decerebrate rat to respond to systemic= metabolic influences on intake control.
It is reasonable to propose that the distributed model of energy balance control under normal conditions should entail descending influences that modulate the brainstem's responsiveness to gastrointestinal and blood-borne signals, thereby affecting ingestive behavioral, vagal, and sympathetic outputs. It is no less appropriate to represent important ascending influences that modulate hypothalamic processes that drive the pituitary's influence on targets of relevance to energy balance including the adrenal cortex and thyroid. Development of the model will involve increased attention to the neurochemical bases for communication between and among brainstem and forebrain nuclei, and distinctions drawn between responses that are mediated by local interoceptive and integrative processes, and those requiring bi-directional interactions in the intact brain.
